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ABSTRACT 
 
Photocatalysis is one of the methods that have gained popularity for degradation of organic 
pollutants in water. Metal oxides, such as ZnO, Fe2O3, and TiO2 are considered to be good and 
efficient photocatalysts. TiO2, in particular, has been the most investigated because it is naturally 
abundant, non-toxic and stable. However, the wide band gap of TiO2 (3.2 eV), make TiO2 only to 
absorb UV light. For this reason, plasmon enhanced-photocatalysis has emerged as one of the 
appealing processes to achieve visible light utilization by TiO2. This process exploits the 
Localized Surface Plasmon Resonance (LSPR) of the metal nanoparticles such as gold to 
harvest the visible light and bring about photocatalytic process. LSPR is the effect of the 
oscillation of electrons in noble metals when they are in contact with light. Due to the LSPR 
phenomena, noble metals are able to increase the lifetime of the charge carriers and increase 
electron/hole generation semiconductors photocatalysts under visible light. 
 
In this study, TiO2 was coupled with gold nanoparticles in order to facilitate visible light 
absorption and to improve the photocatalytic performance. Gold nanoparticles (nanospheres and 
nanorods) were synthesised using the Turkivich and seed mediated methods. These were 
characterised by UV-visible spectrophotometry, transmission electron microscopy (TEM) and 
scanning electron microscopy (SEM) for optical properties, size and morphology. The 
concentration of the as prepared gold samples was measured using the inductively coupled 
plasma optical emission spectrometry (ICP-OES). Gold nanospheres and gold nanorods were 
loaded into TiO2 using the nucleation and growth method to obtain the Au/TiO2 plasmonic 
composites. To investigate to effect of the gold size, two AuNRs samples with different aspect 
ratios (1.9 and 3.4) were prepared and used to form the nanocomposites with TiO2. Another 
Au/TiO2 composite sample was prepared by loading AuNS to compare the behaviour of the two 
shapes. The characterisation results of these samples from the transmission electron 
microscopy TEM and SEM confirmed the expected shapes (spheres and rods) and the formation 
of the nanocomposites. The energy dispersive spectroscopy (EDS) results showed the presence 
of the all the expected elements in the composites materials, further confirming the successful 
synthesis of the Au/TiO2 composites. The absorption spectra of the prepared nanocomposites 
showed the plasmonic peaks of the gold nanoparticles in the visible region, which also confirmed 
the formation of the composite materials.  
 
The photocatalytic performance of the photocatalysts was investigated for the degradation of 
reactive orange 16. From the results obtained in this study, it was found that the photocatalysts 
loaded with AuNRs gave higher photodegradation efficiencies compared to the one loaded with 
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AuNS. The photocatalytic efficiency was found to increase with an increase on the aspect ratio 
of the AuNRs. For AuNRs (1.9) the achieved efficiency was 84.56 % and 86.65 % for AuNRs 
(3.4). Meanwhile, direct photolysis did not have an effect on the photodegradation of Reactive 
Orange 16 (RO 16). The combined effect of AuNRs and AuNS showed a drastic improvement 
on the photocatalytic efficiency and the rates of the process which was attributed to the 
synergistic effects of the transverse and the longitudinal plasmons peaks of both nanospheres 
and nanorods. The photocatalyst prepared with the mixed nanospheres and nanorods gave an 
efficiency of up to 90.15 % for the 1:1 ratio at 60 min reaction time.  
 
A number of reaction parameters were investigated for their effect on the photodegradation 
efficiency including:  pH, Au content, and temperature.  The photocatalytic degradation of RO 16 
was very slow in very acidic (pH 2.5) and very basic conditions (pH 11.5).  The highest 
degradation efficiency was achieved at pH of about 6.7. Furthermore, the rate of degradation 
also increased with an increase in temperature from 15 oC to 30 oC due to the reduction of the 
activation energy. The increase in Au loading from 0.1 wt % to 0.2 wt % increased the 
photocatalytic performance of the catalyst from 56.29 % to 86.65 %. However, further increase 
in gold loading blocked the light penetration and hence, caused a decrease on the efficiency to 
66.35 %. 
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CHAPTER 1 
1. INTRODUCTION AND BACKGROUND 
 
This chapter contains the background of this study, scope and significance, the aim and project 
objectives and as well as the thesis outline.. 
 
1.1. Background 
The textile industry is one of the largest consumers of water, and therefore, generates large 
amounts of effluent wastewater (Ajmal et al., 2014). The textile industry uses a vast array of 
chemicals and ever increasing volumes of water. These chemicals range from de-aerating 
agents, levelling agents, soaping agents, antifoaming, wetting agents, softness, oil and grease 
release hydrocarbons, thickeners, alkali and acids, peroxide stabilisers and scavengers, etcetera 
(Roy Choudhury, 2018, Holkar et al., 2016). According to reports, about 200 L of water per 1 Kg 
of textile fabric is required per day (Latha et al., 2018, Holkar et al., 2016).  Wastewater 
generated from the textile industry is coloured, which indicates the presence of dye pollutants 
(Haroun & Idris, 2009). The complexity of the dye mix and the concomitant effluent ensures the 
dye effluent mix is difficult to remediate (Roy Choudhury, 2018). The textile industry uses 
different dyes during the dyeing and the printing processes, over 700 000 tons of synthetic dyes 
are produced every year, and around 1000 tons of these dyes are discharged in the water 
streams (Ajmal et al., 2014). Therefore, the biggest challenge for wastewater treatment plants in 
the textile industry is the colour removal. Dyes are mutagenic and carcinogenic, and they are 
deadly to some aquatic life due to the formation of toxic breakdown products and increase the 
chemical oxygen demand in the water (Roy Choudhury, 2018, Ananthashankar, 2013; Zaharia & 
Suteu, 2012). Textile dyes are classified based on their structure, source and fibre type such as 
reactive dye, Indigo, direct dyes and disperse dyes (Selvakumar et al., 2012). Azo dyes 
constitute more than 50 % of all the synthetic dyes produced (Haroun & Idris, 2009). They are 
very stable because of the aromatic group attached to one or more (-N=N-) amine functional 
groups. The stable and intense colour makes azo dyes a huge concern for the environment 
since this colour reduces the transparency and the quality of water, which causes a plethora of 
environmental issues (Holkar et al., 2016; Lu et al., 2010).  
Current treatment techniques include adsorption, chlorination, membrane filtration and 
clarification, UV-treatment and biological degradation (Sharma & Bhattacharya, 2016). Most of 
these techniques suffer drawbacks, for example, the adsorption technology only succeeds in 
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transferring the target contaminant from the aqueous phase onto a solid and hence, generates 
secondary waste in the spent adsorbent (Sharma & Bhattacharya, 2016; Zhang et al., 2006). 
Membrane technology suffers from membrane fouling, while biological treatment requires 
specialized microbes that can survive the toxic mix that constitutes the effluent water (Sharma & 
Bhattacharya, 2016). The advanced oxidative technologies (AOTs) aim to harness the superior 
oxidizing power of radicals generated during the processes to enable water purification (Chong 
et al., 2010). Heterogeneous catalysed photodegradation is of particular interest when the 
catalyst can significantly reduce the overall cost (energy and time) of the treatment process and 
can be recovered and recycled (Lee & Park, 2013).  
Several photocatalysts have been developed for photodegradation, among this titanium dioxide 
(TiO2) has been given more attention due to its non-toxic nature and high stability. TiO2 (band 
gap 3.2 eV) absorbs the ultraviolet (UV) light to generate reactive holes (h+), which are 
responsible for the oxidation of soluble organics. Research trends have attempted to improve 
the photocatalytic properties of TiO2 by incorporating plasmonic metals such as Au, Ag and Cu 
other transition metals (Ibhadon & Fitzpatrick, 2013). Plasmonic photocatalysis has been 
investigated not only reduce the band gap of TiO2 but also to increase the photocatalytic activity 
of TiO2. The ultimate goal is to extend the band gap of TiO2 into the visible region for possible 
utilization of abundant solar energy. By tuning the shape and size and the surrounding of noble 
metals it was found that TiO2 was able to increase its photocatalytic activities (Gołąbiewska et 
al., 2016). Research on the development of visible-light-active photocatalysts is more desirable 
to ensure the usage of the entire spectrum of the abundant solar energy (Bora & Mewada 2017). 
Coupling TiO2 semiconductor with gold nanoparticles (AuNPs) is expected to enhance and 
broaden the absorption of light in the visible spectrum (Liu et al. 2017). So far, there have been 
attempts to incorporate gold nanoparticles into semiconductors for the degradation of organic 
dyes (Ayati et al. 2014). However, these studies have been focused on spherically-shaped 
AuNPs and less attention has been given to the rod-shaped counterparts. Therefore, in this 
work, the Localised Surface Plasmon Resonance (LSPR) effects of the gold nanorods (AuNRs) 
in combination with TiO2 were investigated. Reactive Orange 16 was chosen as a model azo 
dye for the investigation of the photocatalytic activity of Au/TiO2 nanocomposites. 
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1.2. Problem Statements 
Azo dyes are the main organic synthetic dye used in textile industries (Murciamesa, 2017, Singh 
& Arora, 2011). The presence of dyes in surface waters highlights the inability of conventional 
techniques to treat wastewater from dye industries. The high stability of azo dyes makes it 
difficult to degrade by biological processes (Latha et al., 2018, Karimi et al., 2014). Conventional 
methods for the treatment of azo dyes results in the formation of carcinogenic and toxic aromatic 
amines that pose a threat to the environment and human health (Ajmal et al., 2014). In view of 
the highlighted drawbacks, research has been devoted to exploiting the advantages of advanced 
oxidation techniques (AOT) for treatment of organic pollutants in wastewater. Photocatalysis has 
been proven to be effective in the degradation of azo dyes using solar energy (Rauf et al., 2011). 
However, the application of photocatalysis on a large scale is still significantly limited because of 
the rapid recombination of excited electrons and holes. Systematic research on the design of 
photocatalysts with limited electron/hole recombination is of importance in this field.  Despite the 
many advantages of TiO2 photocatalysts, the major drawback is that it absorbs only 5 % of the 
entire solar spectrum. (Bansa et al., 2009), limiting the use of solar energy in photocatalysis for 
wastewater treatment. Coupling TiO2 with plasmonic nanoparticles is one of the strategies that 
can be used to extend the photocatalytic activity to the visible spectrum and the efficiency of 
TiO2. The visible spectrum is desirable because it represents about 45% of solar energy 
(Agegnehu et al., 2016).  
 
1.3. Research Questions 
 Can AuNRs enhance the photocatalytic efficiency of TiO2 under visible light? 
 Will surface plasmon resonance (SPR) induced mechanism of visible light photocatalysis 
in AuNRs compared to AuNS? 
 How do parameters such as pH, temperature and loading of AuNPs affect the 
photocatalytic process? 
 
1.4. Objectives of the Research 
The main aim of this project was to synthesise and characterise visible light driven Au/TiO2 
composite photo-catalyst and applied to the degradation of reactive orange 16 azo dye 
In order to achieve the aim the following objectives were proposed:  
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 To synthesise and characterise gold nanoparticles (rods and sphere).  
 To synthesise and characterise Au/TiO2 composites. 
 To perform photocatalytic degradation of reactive orange 16 azo dye under visible light. 
 To study the effect of shape and size of gold nanoparticles on the photocatalytic 
efficiency of the nanocomposite 
 To study the effect of the AuNRs on the photocatalytic efficiency of the nanocomposites. 
 To study the effect of reaction parameters such as pH, temperature and AuNPs loading. 
 To evaluate the plasmon-enhanced mechanisms and kinetics.  
 
1.5. Significance of the Research 
The removal of organic dyes from textile effluents is a big challenge, organic dyes turn to cause 
serious environmental problems. Visible light photocatalysis offers a good opportunity to harvest 
solar energy for the treatment of organic dyes in industrial effluents. Therefore, a mechanistic 
understanding of the plasmon effects is very important for the design of highly effective 
photocatalysts for complete removal of organic dyes. The information obtained from this project 
will add valuable information to the design of the solar photocatalytic reactors and the availability 
of the more efficient visible light active photocatalyst. 
 
1.6. Research Assumptions 
Organic dyes in wastewater can be degraded using visible-light-active Au/TiO2 photocatalysts. 
 Au/TiO2 composites will demonstrate visible light activity due to the surface plasmon 
resonance of gold.  
 The photocatalytic efficiency of TiO2 will be improved by the presence of plasmonic 
AuNRs through plasmon-enhanced mechanisms.  
 The use of Au/TiO2 as a photocatalyst will degrade the dye in the water to form less toxic 
products. 
 
1.7. Limitations of the study 
The synthesis and characterisation of visible light active photocatalyst based on AuNRs/TiO2 
were conducted in this project.  
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 This project focus was on the degradation of reactive orange dye 16 only. 
 Photocatalysis experiments were performed with a suspended photocatalyst only. 
. 
 
1.8. Thesis Outline 
Chapter 1; This chapter contains the background of this study, scope and significance, the aim 
and project objectives and as well as the thesis outline. 
Chapter 2: Chapter two covers the literature review with a broad explanation of the topic of this 
project.  
Chapter 3: This chapter explains the experimental procedures, materials and methods of 
characterization of the gold nanoparticles and Au/TiO2 nanocomposites. 
Chapter 4: This chapter presents the discussion on the structural and optical properties of the 
photocatalyst materials synthesised in this project.  
Chapter 5:  Chapter five elucidates the effect of shape and size of gold nanoparticles on the 
photocatalytic performance of the Au/TiO2 nanocomposites.  
Chapter 6: This chapter contains the investigation on conditions affecting the degradation of 
reactive orange 16 using Au/TiO2 as a plasmon based photocatalyst.  
Chapter 7: Conclusion of the whole study and present the recommendations for future research. 
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CHAPTER 2 
LITERATURE REVIEW 
This chapter contains the literature review with a broad explanation of the topic of this project. 
  
2.1 Overview on catalysis  
In 1850 Wihelmy proved that the rate of a chemical reaction depends on the concentration of the 
reactants (Wilhelmy, 1850). William Ostwald (1982) changed lhelmy'Wilhelmy's point of view by 
saying ‘a catalyst cannot initiate a chemical change but can accelerate or reduce the speed of 
the reaction’.  Later a catalyst was defined as a material that changes the chemical rate of the 
reaction without getting involved in the reaction, and do not affect the thermodynamic equilibrium 
of a reaction (Lindströma & Pettersson, 2003). Nowadays almost all the chemical reactions take 
place in the presence of a catalyst, some reactions cannot happen without a catalyst being 
present. Catalysis is applicable in many environmental pollution issues, such as in water 
purification and air purification; there are two types of catalyst, homogeneous catalyst and 
heterogeneous catalysts. 
In homogeneous catalysis, the reactants and the catalyst are in the same physical phase. 
According to Michalska & Webster (1974), homogeneous catalysts have a better active site, all 
the metal atoms are available and the electronic and steric environment of the metal differs 
widely. However, the separation of the catalyst from the product after the reaction is very difficult 
and there exist the possibility of the decomposition of the catalyst by temperature (Michalska. & 
Webster, 1974). In heterogeneous catalysis the reactants and the catalyst are in a different 
phase, the catalyst is usually in a solid state and the reactants are mostly and liquid and gas 
state. The biggest advantages of the heterogeneous catalyst over homogeneous catalyst are 
that they can be easily synthesised, and they are easy to separate from the products after the 
reaction. Heterogeneous catalysts are the most widely used in industries, with the reaction 
taking place on the surface of the metal (Ranga, 2017).  The rate of the reaction can be 
increased or decreased base on the principle given by Scholten (1985), which states that ‘the 
rate of the reaction is increased when the energy barriers of the catalytic path are lower to the 
energy barriers of the nonanalytic path’. 
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2.2 Heterogeneous photocatalysis  
Heterogeneous photocatalysis is considered as a new advanced oxidation process. Fujishima & 
Honda (1972) discovered TiO2 photocatalyst in 1972, for photochemical water splitting into 
hydrogen and oxygen. Heterogeneous photocatalysis has been applied in solar water splitting 
and water and air purification (Ibhadon & Fitzpatrick, 2013). It has demonstrated great potential 
in the treatment of wastewater and according to Herrmann in 1999, the reaction takes place the 
steps described below (Herrmann, 1999): 
● The pollutants transfer from the solution onto the surface of the catalyst. 
● Absorption of pollutants  
● The reaction of adsorbed pollutants.   
● Desorption of degradation products and separation of the photocatalyst.  
 
2.3 Heterogeneous photocatalysis and water purification  
A photocatalyst is defined as a material that is able to absorb light of a specific wavelength to 
generate electron-hole pairs (Lindströma & Pettersson, 2003). The structural properties of a 
photocatalyst such as high surface area, morphology, recyclability, band gap and stability are 
vital in a photocatalytic process (Khan et al., 2015). Photocatalysts are activated by light of 
appropriate energy equal to or higher than the band gap energy. The electrons are then 
promoted from the valence band (VB) to the conduction band (CB) leaving behind a hole (h+). 
The generated hole reacts with an HO• radical, which is highly reactive and capable of attacking 
the organic compounds. Adsorbed on the surface of the photocatalyst. The photocatalytic 
process involves the conversion of highly toxic pollutants to less toxic species or to CO2 and 
H2O. To utilise semiconductor photocatalysts for water purification, the following conditions to be 
met, the process should be performed at room temperature. Furthermore, total mineralization 
without secondary pollution, repetitive cycles and low costs for operations (Lee & Park.,2013). 
The mechanism of the electron-hole pair in the TiO2 photocatalyst is postulated to be given by 
the following equations (Chong et al., 2010).  
 
Photoexcitation:  hv → 𝑒− + ℎ+ 
 
(2.1) 
Photoexcited e -scavenging: (O2) ads + 𝑒− → 𝑂●ˉ 
 
(2.2) 
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Oxidation of hydroxyls: 𝑂𝐻−+ ℎ+  → 𝐻𝑂● 
 
(2.3) 
Protonation of superoxides 𝑂2
●ˉ+ 𝐻𝑂● → 𝐻𝑂2
●                                                                 
 
(2.4) 
Co-scavenging of e-: 𝐻𝑂2
● + 𝑒− → 𝐻𝑂2
−                                                                           
 
(2.5) 
Formation of H2O2: 𝐻𝑂𝑂− + 𝐻+ →H2O2 
 
(2.6) 
Photodegradation by 𝐎𝑯.: R-H +  𝐻𝑂
● → 𝑅′. + H2O                                                         
 
(2.7) 
Direct photo holes: dye + ℎ+  → 𝑑𝑦𝑒.
+ → intermediate(s)/ final degradation products.      (2.8) 
 
 
Equation 2.1 and 2.2 represent the exposure of TiO2 to UV light in an aqueous medium, the 
photo-induced charge carriers in the conductive band (CB) take part in the reduction process, 
which reacts with dissolved oxygen in the air to produce superoxide radical anions (O2●ˉ). 
Equation 2.3 shows the charge carriers in the VB diffuse to the TiO2 surface and react with 
water molecules adsorbed, producing HO● (Lee and Park, 2013). The superoxide is either 
protonated or reduced to form H2O2 in Equation 2.4 to 2.6. The HO● radical is a major active 
species during the photocatalytic oxidation reaction (Xu et al., 2012). Equations 2.7 to 2.8 
depict the formation of dye intermediates, oxidation and reduction on the surface of TiO2. 
 
2.4 Semiconductor photocatalytic materials  
Metal oxides are of great interest in environmental remediation because of their ability to 
generate charge carriers when irradiated with the required amount of energy. Heterogeneous 
photocatalytic processes using semiconductors such as ZnO, TiO2, and Fe3O4 as photocatalysts 
are of great interest for the degradation of toxic organic pollutants because of their photocatalytic 
performances. The decomposition reaction of polluted materials is an oxidative reaction and 
depends on the valence band (VB) of the photocatalyst (Rostami-Vartooni et al., 2016). 
Therefore, the oxidation reaction is enhanced when the oxidative strength of the VB holes is high 
and there is a large positive number for standard electrode potential with respect to the standard 
hydrogen electrode (SHE) potential (Wang et al., 2017). Figure 2.1 represents the band gap 
values of different semiconductors with respect to the normal hydrogen electrode (NHE). The 
band gap value differs from one semiconductor to another; hence, a careful selection of the 
material is of great importance.  
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Figure 2.1: Representation of the semiconductor band gap energy and the positioning edge with 
a potential scale against the normal hydrogen electrode (NHE) (Wang et al., 2017). 
 
The semiconductor is activated when it is bombarded with photons or energy equal or greater to 
the band gap causing the excitation of electrons from the VB to CB resulting in the formation of a 
hole (h+) in the VB. These holes react with electron donors and acceptors that were absorbed on 
the surface of the semiconductor, leading to a redox reaction.  
 
2.5 TiO2 crystalline structure and photocatalyst  
TiO2 exists in three crystalline forms, viz.  anatase, rutile and brookite. The three phases occur 
naturally and can be prepared in the laboratory (Di Paola et al., 2013). Table 2.1 presents a 
comparison between anatase, brookite and rutile crystal structures. Brookite is usually formed as 
a by-product in the synthesis of rutile or anatase and it is the least studied or used of the three 
crystalline phases (Di Paola et al., 2013).  It has an orthorhombic crystal system, with the Ti 
atom at the centre surrounded by oxygen atoms at the corners of the crystal cell. Rutile, on the 
other hand, is the most stable and has a tetragonal crystal structure, with TiO6 octahedron with a 
slight distortion from the orthorhombic structure (Reyes-Coronado et al., 2008). Even though 
rutile has the most stable crystal structure at high temperature and high refractive index, it has a 
lower photocatalytic activity compared to anatase (Henderson, 2011). Anatase has a tetragonal 
structure like rutile; however, the TiO6 distortion is larger for anatase as compared to rutile. 
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Anatase shows good photocatalytic activity and is kinetically stable at low temperatures (Reyes-
Coronado et al., 2008).  
Table 2. 1: Comparison of the three TiO2 crystalline structures (Ali et al., 2018). 
TiO2, 
crystalline 
forms 
Crystal 
structure 
Band 
gap 
(eV) 
Density 
g/cm3 
O-Ti-O bond 
angle (oC) 
Lattice constant 
 (nm) 
Anatase Tetragonal  3.2 3.79 77.7, 92.6 a=0.3784, c=0.9415 
Brookite  
 
Tetragonal  3.13 3.99 77 to 105 
a=0.9184, b=0.5447,  
 
c=0.5154 
Rutile  Orthorhombic 3 4.13 81.2, 90 
 
a=0.45936,  
c=0.29587 
 
TiO2 is photochemically stable, non-toxic and has a strong resistance against acids and alkalis 
(Lee and Park, 2013). Figure 2.2 is a schematic representation of how TiO2 functions as a 
photocatalyst. When TiO2 is exposed to UV light in an aqueous medium, the photo-induced 
charge carriers in the conductive band (CB) take part in the reduction process, which react with 
dissolved oxygen from the air to produce superoxide radical anions (O2●-). The charge carriers in 
the valence (VB) diffuse to the TiO2 surface and react with water molecules adsorbed, producing 
the HO● radical (Lee and Park, 2013). The HO● radical is a major active species during the 
photocatalytic oxidation reaction (Xu et al., 2012).  
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Figure 2.2: Schematic illustration of the photocatalytic process. 
2.6 Strategies for improving photocatalytic properties of TiO2 
The wide band gap (3.2 eV) of TiO2 restricts the optical absorption of TiO2 in the ultraviolet (UV) 
region that encompasses less than 5 % of natural solar radiation activities (López-Vásquez et 
al., 2010), leading to the insufficient usage of solar energy. To improve the photocatalytic 
performance of TiO2, different modification methods have been implemented to extend the band 
gap of TiO2 from the UV to the visible region of the spectrum (Rostami-Vartooni et al., 2016).  
Metal and non-metal elemental doping have been extensively used for TiO2 to expand its optical 
response to the visible light region (Ansari et al., 2016; Ashi, 2001). The main reason for adding 
dopants onto TiO2 nanostructures is to reduce the band gap and to prevent rapid charge 
recombination. The different strategies for improving the photocatalytic activity of TiO2 are 
discussed below. 
2.6.1.Non-metal doping  
There are numerous reports available on the non-metals doping of TiO2, (Xu et al., 2008; Wang 
et al., 2012, Peichang et al., 2010, Di Valentin et al., 2005, Li et al., 2008).  TiO2 nanomaterials 
doped with non-metals have been regarded as second-generation photocatalysts. It has been 
shown that doping with non-metals such as C, F, B, S, Cl, N and Br can prevent the 
recombination of the electron and hole (Xu et al., 2008; Wang et al., 2012). More recently, 
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several researchers have reported improved non-metal-doped TiO2 in particular with halogen 
atoms such as Cl, Br, and I, which showed high photocatalytic activity in the UV region as well 
as in the visible spectrum (Wang et al., 2012). Halogen doping was found to be effective due to 
the impurity states they have near the valence band edge (Peichang et al., 2010). The impurities 
created by anions induce localized occupied states in the TiO2 band gap (Di Valentin et al., 
2005). These localized states are responsible for the red shit of the TiO2 adsorption band. In 
addition, the oxygen vacancies created by doping TiO2 with anions can be account for the visible 
light photo-response of non-metal doped TiO2 (Li et al., 2008).  
2.6.2. Transition metal doping 
Previous studies have shown that doping with transition metals improves the photocatalytic 
activity in the visible range (Yoong et al., 2009, Rauf et al., 2011, Araña et al., 2005). A number 
of transition metals such as Fe, Zn, Cr, Cu, Ni and V have been used to dope TiO2 (Yoong et al., 
2009, Rupa et al., 2007; Mikhani et al., 2009; Wu et al., 2016). Doping with these metals 
essentially reduces the recombination rate of photo-generated electron-hole pairs, hence, 
improving photocatalytic efficiency. Furthermore, transition metals result in the overlapping of the 
conduction band of TiO2 with the d-orbital of the transition metal, which causes the reduction of 
the TiO2 band gap (Yoong et al., 2009). Rauf and co-workers (2011) reported that the use of Cr3+ 
as a dopant in TiO2  caused a reduction of the band gap by 2.0 eV and the recombination 
lifetime of the electron-hole pairs was also reduced from 89.3 ms (pure TiO2) to 30 ms in the 
presence of Cr3+. Cu2+ ions have been reported to induce visible light photoactivity in TiO2 by 
modifying its valence band  due to the overlapping of the CB of TiO2 and d-orbital of Cu2+ (Araña 
et al., 2005). Even though transition metals have shown positive results as dopants in metal 
oxide semiconductors, they have been reported to cause thermal instability for the anatase 
crystalline phase of TiO2 (Ajmal et al., 2014). 
 
2.6.3 Metal oxide/ TiO2 
Coupling two or more metal oxides can also result in the improvement of TiO2 photocatalytic 
efficiency. This strategy creates impurities into the TiO2 band gap leading in the reduction of the 
TiO2 band gap (Perkgoz et al., 2011). For example, Fe2O3/TiO2 nanocomposites were 
synthesised and used for the degradation of 2,4-dichlorophenoxyacetic acid, and a three times 
increase efficiency was reported in the presence of Fe2O3 compared to the pure TiO2  
(Lee et al., 2017). The improvement in the efficiency was attributed to the formation of a hetero-
junction between TiO2 and Fe2O3 nanoparticles, which led to the improvement of charge transfer 
and minimization of electron-hole pair recombination (Lee et al., 2017). It was also reported that 
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Fe2O3 increased the selectivity of TiO2 during photodegradation of organic pollutants (Xia & Yin, 
2013; Kwiatkowski et al., 2017).  
2.7 Plasmon-enhanced photocatalysis 
2.7.1. Surface plasmon resonance of the gold nanoparticles 
Localized surface plasmon resonance (LSPR) is a unique characteristic of noble metals which is 
a result of the interaction of light with nanoparticles that are smaller than the wavelength of the 
light to excite the collective oscillations of the free electrons in the metal nanoparticles (Zhao et 
al., 2017, Petrayeyeva et al., 2011). Figure 2.3 and Figure 2.4 represent the interaction of light 
with a spherical (AuNS) noble metal and, gold nanorods (AuNRs) noble metal, respectively. The 
electric field results in the accumulation of electrons on one side and leaving the positive charge 
on the other side.  Gold nanospheres have a characteristic deep red colour and one plasmon 
peak in the visible spectrum ranging from 510 nm to 550 nm (Das et al., 2011).  
 
 
Figure 2.3: Schematic illustration of (A) AuNSs interaction with the electromagnetic field of 
visible light and (B) AuNS absorption plasmon band. 
 
Unlike nanospheres, nanorods exhibit two characteristic plasmon peaks (transverse and 
longitudinal) in the visible spectrum to near infrared (NIR) (Shajari et al., 2017). The longitudinal 
peak of the nanorods can be tuned by changing the aspect ratio while the transverse peak 
remains stable. AuNRs are known to display a higher surface area compared to AuNS (Shajari 
et al., 2017).  
(A) 
(B) 
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Figure 2.4: Schematic illustration of (A) AuNRs interaction with the electromagnetic field of 
visible light and (B) AuNRs absorption plasmon band. 
  
2.7.2. Plasmon-enhanced mechanisms 
Plasmon-assisted photocatalysis has recently been investigated in applications such as 
degradation of organics, reduction of carbon dioxide, and water splitting (Zhang et al., 2013). 
The enhanced photocatalytic efficiency in Plasmon metals semiconductor nanocomposites is 
attributed to the mechanisms described below: through Plasmon-enhanced mechanisms: 
(Zhang et al., 2017):  
a) Hot-electron injection mechanism 
This mechanism involves the transfer of charge carrier from the photo-excited metal to the 
conduction band of the semiconductor due to the formation of the Schottky barrier between the 
metal and the semiconductor (Figure 2.5). Generally, metals have lower Fermi levels than 
(A) 
(B) 
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semiconductors, therefore, when metals and semiconductors are in physical contact, from the 
equilibrium, the electron flow will be from the semiconductor to the metal (Arshad et al., 2017). 
The flow will continue until the Fermi level of the semiconductor reaches equilibrium with the 
Fermi level of the metals. This will lead to the deformation of the band structure between the 
semiconductor and the metal, which results in the formation of the Schottky barrier. The 
Schottky barrier serves as an effective trap for electrons and minimises the recombination effect.  
b) Near field enhancement mechanism 
Electromagnetic field-enhancement mechanism involves the interaction of the semiconductor 
with the intense surface plasmon resonance (SPR)-induced electromagnetic field in the 
surrounding of the plasmonic resonance nanostructure, which then results in the increase in 
rates of electron-hole pair formation in the semiconductor. 
 
 
 
Figure 2.5: Schematic illustrations of charge transfer mechanism between plasmon metals and 
semiconductors under visible light. 
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2.8 Methods for synthesis for gold nanoparticles 
Michael Faraday first discovered AuNPs in 1857 and since then a number of studies have been 
conducted (Thompson, 2007). The interest in AuNPs stems from their high stability, non-toxicity 
and strong absorption of visible to near-infrared light. (Tomar & Garg, 2013, Das et al., 2011). 
The shape of the gold nanoparticles is an important variable in controlling their chemical, optical 
and physical properties (Kumar et al., 2012). Thus, gold nanoparticles can be obtained in 
different shapes such as nanospheres (AuNS) (Kimling et al., 2006), nanorods (AuNRs), solution 
(Siti et al., 2013) nanocages (Chen et al., 2005), and nanoshells (Radloff et al., 2005). The 
synthesis of AuNPs using chemical methods is commonly used and consists of the reduction of 
gold by a chemical agent such as borohydrides, hydrazine and many others. The second part is 
the stabilization of Au-NPs using a capping agent such as a polymer, cetyltrimethylammonium 
bromide (CTAB) and others. The examples of these methods are discussed below. 
2.8.1. Turkevich method  
Turkervic first discovered the Turkevich method in 1951 (Turkevich et al., 1951) and it has 
become the most commonly used method. Typically an aqueous gold solution is heated to boil 
and finally a citrate agent in added to the boiling solution to reduce Au3+ to Au0. This method has 
been modified since it was designed by different researchers and  yields only spherically shaped 
AuNPs.  
2.8.2. Brust method  
Brust and Schiffrin discovered this method in 1994 (Brust et al., 1994). In the first step, the gold 
chloroauric acid is transferred into toluene followed by the separation of the two phases by the 
addition of dodecanethiol, which reduces the Au3+ to Au+, thirdly sodium borohydride is added to 
the organic phase.  The colour changes from orange to brown, which is an indication of the 
reduction of Au+ to Au0 and of the formation of AuNPs (Perala & Kumar, 2013).  
2.8.3 Seed mediated method 
The seed-mediated method is based on a two-step synthesis, i.e. the seed solution preparation 
step and the growth step. The seeds act as a nucleation site for the growth of AuNRs. The 
growth of the AuNRs continue in the presence of CTAB (capping agent) and ascorbic acid is 
used to slow down the reduction of the gold for good growth and yield (Das et al., 2011). The 
addition of AgNO3 to the mixture is to control the yield of the formation of AuNRs (Das et al., 
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2011). The size of the Au-NPs can be controlled by changing the ratio of the growth solution to 
the metal salt and the amount of AgNO3 added to the solution (Siti et al., 2013).  
 
2.9. Au/TiO2 composites in photocatalysis 
AuNPs processes have received significant attention in photocatalysis due to their ability to 
improve the efficacy in the removal of organic pollutants in the air and application in 
photocatalysis (Ayati et al., 2014). Different studies have reported on the photocatalytic 
performance of Au/TiO2 nanocomposites (Bannat et al., 2009) Table 2.3 shows examples of the 
literature studies that have been done on the degradation of organic dyes using Au/TiO2 
nanocomposites. It can be noted that most of these studies are only limited to spherically 
shaped nanoparticles. Furthermore, AuNRs remain to be explored thoroughly to understand the 
behaviour and the mechanisms involved. 
  
Table 2.2: Summary of previous studies done on the degradation of organic dyes with Au/TiO2 
Catalyst Pollutant Morphology 
light 
source References  
Au/TiO2 
Methyl blue, methyl red 
and methyl orange 
NSTs, NSs 
and NRs visible 
Kumar et al., 
2017 
Au/TiO2 Methylene blue NSs 
 
UV, 
Visible  Mesa, 2017 
 
Au/TiO2  Patent blue V, dye. NSs UV 
 
Vaiano et al., 
2016 
Au/TiO2/SiO2 
 
Methyl blue, Congo red 
and Rhodamine B NSs sunlight Malik et al., 2016 
Au/TiO2 Rhodamine B NSs UV 
 
Alshammari et 
al., 2014 
Au/TiO2 
  
Methyl Orange  NSs sunlight Naik et al., 2013 
Au/TiO2  Aafranin-O,SO, dye  NSs UV 
 
Bumajdad et al., 
2013 
 
Au/TiO2 
  
Methyl Orange  
 
NSs 
 
sunlight 
 
Padikkaparambil 
et al., 2013 
Au/TiO2 
 
Navy Blue NSs UV 
 
Jagadale et al., 
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2.10. Synthesis of Au/TiO2 nanocomposites  
There are several methods used for the preparation of Au/TiO2 nanocomposites. Some of these 
are discussed below:  
2.10.1 Impregnation and precipitation method  
The impregnation method involves the distribution of metal precursors on the support surface; it 
is related to ion exchange or adsorption procedures, which interact with the surface of the 
supporting materials (Delannoy et al., 2006). Precipitation methods, on the other hand, can form 
the nanocomposite in the bulk solution. In the precipitation method the supporting materials act 
as nuclei for the crystallisation of the activation site precursor. Under the precipitation method, 
there is the coprecipitation method, which consists of mixing the support and the precursor 
together; the shape and size of the nanocomposites are obtained in one step (Prati & Villa, 
2011). 
 
2.10.2 Green synthesis method 
This method involves the synthesis of AuNPs and metal oxides in different containers, each 
containing the plant extract. The solution of AuNPs is then slowly transferred into the metal oxide 
solution, followed by drying of the composite material at higher temperatures (Siti et al., 2013). 
2.10.3 Self-assembly method  
In a self-assembly method, the supported metal oxide with a high uniformity for metal elements 
is obtained. The pre-synthesised metal nanoparticles may be impregnated onto the metal-oxides 
support with an organic solvent. AuNPs is then added to the metal oxide solution; the obtained 
mixture is sonicated and left for ageing. The resulting Au/metal-oxide can be dried overnight at 
around 60 oC (Li & Zeng, 2006). 
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Au/TiO2 
  
Methyl Orange 
 
NSs 
  
UV, 
visible 
 
Hou et al., 2011 
 
Au/TiO2  Rhodamine B NRs UV LU et al., 2011 
 
Au/TiO2  Acid Orange 7 NTs visible Lou et al., 2011 
Au/TiO2 
  
Ethyl Orange, Organe II 
and Acid Red G NSs UV 
Wang et al., 
2008 
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2.10.4 Hydrothermal method 
Hydrothermal synthesis is a technique of crystallising materials at high temperature and 
pressure in aqueous solution. The technique depends on the solubility of the materials in a hot 
solvent at its critical point. Water has mostly been used a solvent in hydrothermal techniques. 
The procedure takes place in a sealed container called an autoclave. This method is good for 
the synthesis of large crystals without changing their composition and for the growth of high 
crystals with a high melting point at low temperature (Hayashi & Hakuta, 2010). Varying 
parameters such as temperature, pressure, pH and concentration during the synthesis can 
control the shape and size of the nanomaterials. 
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CHAPTER 3 
MATERIALS AND METHODS 
 
This chapter describes all the chemicals, equipment and methods used in this study for the 
synthesis and characterisation of the AuNPs and Au/TiO2 and the degradation of reactive 
orange 16.  
 
3.1. Materials 
3.1.1. Reagents used for the synthesis of Au Nanoparticles and Au/TiO2 nanocomposites 
 
Gold(III) chloride trihydrate(99 %), gold standard solution (100 ppm), sodium borohydride (≥ 99.9 
%), silver nitrate  (≥ 99.9 %), trisodium citrate (99 %), Ascorbic acid (≥99.9 %), 
hexadecyltrimethylammonium bromide (≥ 98 %) , titanium butoxide (97 %), Ethyl-Diamine-Tetra-
Acetic acid  (≥ 98 %), Reactive orange 16 (≥ 70 %) were purchased from Sigma Aldrich. 
Methanol, ethanol and acetonitrile were purchased from Merck and were used as solvents in the 
apreparation of TiO2 and the Au/TiO2 composites.  Ultrapure water with a resistivity of 18 Ω cm 
was used for aqueous solutions preparation (Milli-Q water).  
 
3.2. Equipment 
3.2.1. X-ray diffraction (XRD)  
X-ray powder diffraction patterns were recorded on a BRUKER AXS D8 advance (X-ray 
diffractometer equipped with a LynxEye detector, using Cu-Kα radiation (λKα1=1.5406Å) tube. 
Data were collected in the range from 5qa= 5o to 90o, scanning at 0.5 sec/step. X-ray diffraction 
scatters the atoms in the sample and if those atoms are arranged in order, then the scattered  
x-rays give the information of the atoms present in the sample and them arrangements in the 
material (Bunaciu et al., 2015). It is based on the principle of constructive and distractive 
interference of the monochromatic x-rays beam and the crystalline sample. When the sample 
interacts with the rays it creates constructive diffracted rays satisfying the Bragg’s law, which is 
given the equation (Bunaciu et al., 2015): 
  𝒏𝝀 = 𝟐𝒅𝒔𝒊𝒏𝜽                                                              (3.1) 
 
21 
 
Where n is an integer, λ the wavelength of the x-rays, d the interplanar spacing that generates 
diffraction and θ is the diffraction angle. The Bragg’s law is the connection between the 
wavelength of the electromagnetic radiation to the diffraction angle and the lattice spacing in a 
crystalline sample. The diffraction peaks obtained to d-spacing permit to identify the element due 
to the fact that, each element as its own d spacing. The results obtained from the analysis are 
then comparing with the d-spacing of the standard reference patterns. The atomic planes of  
x-rays mapping are used for the identification phases and determination of structure in material 
science (Bunaciu et al., 2015).  
3.2.2. Ultraviolet-Visible spectroscopy (UV-VIS)  
The ground state electronic absorption spectra of the AuNPs and the composites were 
measured on a UV-1800 Shimadzu spectrophotometer. The degradation of reactive orange 16 
was also monitored using this technique. The measurements were done by placing the liquid 
sample in a quartz cuvette, the reference cell contained the solvent (blank), the measurement 
was performed in the range of 200 nm to 800 nm. The instrument is equipped with light sources 
from tungsten and deuterium lamps. The relationship between the absorption of the sample and 
the concentration were done following the Beer-Lambert law, which is given by Equation 3.2: 
    𝐴 =  ℇ𝑐𝑙 
 
 (3.2) 
Where A is the absorbance, Ԑ the molar extinction, c is the concentration and l is the path 
length. In the visible region (400 nm to 800 nm), it is possible to predict the absorption 
wavelength of a substance from its colour. When the white light reflected by a coloured solution, 
a characteristic part of the mixed wavelength is absorbed, the rest of the light then absorbs the 
complementary to the wavelength that was absorbed (Kumar, 2006). Figure 3.1 represents the 
wheel colour of the visible region.   
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Figure 3. 1: Schematic illustration of the visible region wheel of colours. 
 
3.2.3. Transmission electron microscopy   
The transmission electron microscopy (TEM) images were obtained using a Tecnai TF20 
thermionic transmission electron microscope at 100 kV accelerating voltage. TEM samples were 
prepared by placing a drop of sample on the sample grid and allowing it to dry before 
measurements. The sample measurement is done by a simple principle of using a beam of 
electrons that passes through an ultra-thin film of sample and it interacts with the sample while 
passing through. The electron beam obtained from the sample contains information about the 
structure of the sample (Kirkland et al., 2014).  
3.2.4. Scanning electron microscopy  
Scanning electron microscopy (SEM) images were obtained using 1450 scanning electron 
microscopy at the Electron Microscope Unit at the Western Cape University. The powder 
samples were coated using the K950X EMITECH sputter coater for 3 minutes before the 
analysis. The images provided are a result of the interaction of the electron beam with the atoms 
at different distances in the sample. The secondary electron is emitted and is detected by the 
electron detector, subsequently providing the 3D images (Stadtländer, 2007).  
 
3.2.5. Fourier transform infrared spectroscopy  
Infrared spectra were recorded on a Perkin Elmer 1000 series Fourier Transform Infrared (FTIR) 
spectrometer. The functional groups of the material can be easily identified by FTIR based its 
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unique absorption frequencies (Berthomieu & Hienerwadel, 2009). The vibrational energies are 
directly proportional to the absorption frequencies and the relationship is given by Hooke's law; 
⊽=
𝟏
𝟐ᴫ𝒄
 √
𝒌
𝒖
 
                                                              (3.3) 
 
Where ⊽, c, k, and μ is vibrational frequency, speed of light, force/spring constant and reduced 
mass of bonding atoms, respectively (Berthomieu & Hienerwadel, 2009).  
3.2.6 Inductively Coupled Plasma—Optical Emission Spectroscopy (ICP-OES) 
The concentration of gold atoms (Au0) in AuNPs was determined using a Thermo Electron ICAP 
6000 inductive coupled plasma with optical emission spectroscopy (OES) detector. Gold 
nanoparticles were digested by addition of 3 mL of aqua regia solution before the ICP 
Measurements (Gillespie et al., 2012). A standard calibration curve was achieved at 
concentrations ranging from 1 to 10 ppm. This technique was used for qualitative and qualitative 
analysis of trace-level element. The emission spectra of the samples were used for the 
identification of the element.  When a sample is injected into the plasma, electrons are excited 
from the ground state to the excited state, the emitted energy is in photonic form, and the 
emitted photons have wavelength unique to their elements (Hou & Jones, 2000).  
 
3.3. Synthesis of gold nanoparticles  
Gold nanorods were synthesised according to using a seed-mediated method (Yang et al., 2013; 
Wu et al., 2016), and a modified Turkevich method was used for spherical gold nanoparticle 
(Tran et al. 2016). 
 
3.3.1. Synthesis of gold nanorods  
In a typical Au-NRs synthesis (Figure 3.2) the seed solution was prepared in the first step 
through reduction of 5 mL of 0.0005 M HAuCl4 solution by 0.07 mL of 0.01 M sodium 
borohydride (NaBH4) in the presence of 5 mL 0.234 M CTAB. The second step involved the 
preparation of a growth solution: 5 mL of 0.001 M HAuCl4 was mixed with 5 mL of 0.234 M 
CTAB and 0.15 ml of 0.0045 M silver nitrate (AgNO3) solution. 0.07 ml of 0.799 M ascorbic acid 
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(AA) was added to this mixture to achieve the reduction of Au3+ to Au+. 12 µL of the seed 
solution was added finally for complete reduction to Au0 and the gold mixture was left to stand 
for 12 hrs to form the nanorods. The aspect ratio of the AuNRs was tuned by varying the amount 
of HAuCl4 in the growth solution (Wu et al., 2016). 
 
 
Figure 3. 2: Schematic illustration of seed-mediated method for the synthesis of Au nanorods 
(AuNRs). 
 
3.3.2. Synthesis of gold nanospheres 
AuNS were prepared according to a modified Turkevich method through the reduction of 
HAuCl4.3H2O solution with sodium citrate. Briefly, 36 mg of HAuCl4.3H2O was dissolved in 200 
mL of distilled water under magnetic stirring. The solution mixture was heated to boil then 10 mL 
of a 1% sodium citrate was added rapidly. The deep-red colloidal solution of gold nanoparticles 
was obtained and then cooled to room temperature (Tran et al. 2016). 
3.4. Synthesis of TiO2 nanoparticles  
Pure titanium dioxide nanoparticles were prepared using a sol-gel method. Firstly, titanium 
butoxide (titanium precursor) was dissolved in a methanol/ethanol mixture (50:50 v/v). The 
resultant titanium solution was stirred under reflux. Water was added into this mixture to perform 
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hydrolysis. The obtained sol was dried and finally calcined at 450 C for 3 hours (Moon et al., 
2018). Figure 3.3 shows a schematic representation of the synthesis of TiO2. 
 
Figure 3.3: Schematic illustration of the synthesis of TiO2 nanoparticles from titanium butoxide  
 
3.5 Synthesis of Au/TiO2 composites 
Au/TiO2 composites were synthesis by adding 8 mL (0.025 M) of CTAB aqueous solution into 
AuNPs (2 mL), and then 1.4 mL of EDTA-NH3 (Li et al., 2014) was added into this mixture. 
Finally, 3 mL of Ti (OBu)4 (97 %) solution drop wise and the reaction was stirred for 30 min at 
room temperature. This suspension was then dried at 90 °C for 5 hours. The reaction scheme 
for the synthesis of Au/TiO2 composites is shown in Figure 3.4.  
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Figure 3.4. : Schematic illustration of the synthesis of Au/TiO2. 
 
3.6. Photocatalytic degradation of reactive orange 16 
The photocatalytic activity of the AuNRs/TiO2 composites was evaluated by the degradation of 
reactive orange 16 in aqueous solution under visible light. A 300 watts halogen lamp with a UV 
cut off filter was used to irradiate the samples. The photocatalyst was dispersed in a solution of 
reactive orange 16 at a 30 oC temperature in the presence of air. The suspension was stirred in 
the dark for 30 minutes to ensure an adsorption-desorption equilibrium between the dye 
molecules and the photocatalyst. Figure 3.5 shows a typical set-up of photocatalytic testing. The 
degradation of reactive orange 16 was monitored by UV-VIS spectrophotometry after every  
20 minutes. 
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Figure 3.5. Schematic illustration of a typical set-up for testing of photocatalytic activity of 
Au/TiO2 composites.  
 
 
When the light irradiation was taking place, 4 mL of the solution was taken at an interval of 20 
minutes. The samples collected were centrifuged to separate them from any catalyst particles in 
the solution and they were taken to the UV-Visible spectrophotometer for the monitoring of dye 
concentration. The percentage removal of the dye was calculated using Equation 3.4.  
 
   𝒓𝒆𝒎𝒐𝒗𝒂𝒍 (%) = 𝟏𝟎𝟎 ×
(𝑪𝟎−𝑪)
𝑪𝟎
                                      (3.4) 
 
Where C0 and C are the concentrations of the dye at t=0 and t=t, respectively. 
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CHAPTER 4 
CHARACTERISATION OF THE GOLD NANOPARTICLES AND AU/TIO2 COMPOSITES  
 
This chapter contains the discussion of the characterisation of the prepared Au and the Au/TiO2 
nanocomposites. The discussion includes the transmission electron microscopy (TEM) and 
scanning electron microscopy (SEM) for the analysis of the morphology and sizes. The 
discussion on the structural properties of the samples was done using the XRD and Fourier 
transformer infrared (FTIR) analysis. Furthermore, this chapter also contains the analysis of the 
properties of AuNPs for concentrations, molar extinctions and the number of particles per gold 
atom.  
 
4.1. Quantification and properties of the gold nanoparticles  
The concentration of Au in the synthesised AuNPs was quantified using ICP-OES. Three 
different AuNPs samples were synthesised and used in this work, gold nanospheres (AuNS), 
and gold nanorods with 1.9 and 3.4 aspect ratios (length/width). For the quantification of AuNRs, 
the particles were separated from the unreacted Au ions by the use of a centrifuge, the 
supernatant was discarded and the collected AuNRs were dispersed in 1 mL of milli-Q water. 
The obtained AuNRs were then digested with aqua regia for ICP-OES analysis. The 
quantification of AuNSs, 1 mL of this was also digested in aqua regia for ICP-OES analysis. The 
concentrations of the AuNRs  obtained from the ICP-OES analysis were 10 x 10-5 M and 9 x 10-5 
M for samples with 3.4 and 1.9 aspect ratios, respectively. AuNS were found to have the highest 
concentration of 10 x10-4 M with a diameter of 28 nm as can be seen in Table 4.1. According to 
Orendorff & Murphy (2006), the amount of Au3+ reduced is independent of the aspect ratio of 
AuNPs but mostly depend on the initial concentration of Au3+ use in the synthesis. In the seed, 
the mediated method was used for the synthesis of AuNRs (Section 3.3), the growth solution 
was most important in the formation of the different aspect ratio of AuNRs. 5 mL of the growth 
solution was used to obtain AuNRs (3.4), meanwhile, 10 mL of the growth solution was used for 
AuNRs (1.9). The number of Au atoms per particle was calculated using Equation 4.1 proposed 
by (Shang & Gao, 2014). A perfect sphere and cylinder were assumed for AuNS and AuNRs, 
respectively. The calculation was also based on the assumption of a complete reduction of the 
Au3+ to form nanoparticles. Equations 4.1, 4.2 and 4.3 were used to calculate the number of 
gold particles for spherical particles, the number of gold particles for rod-shaped particles and 
the extinction coefficient, respectively  (Shang & Gao, 2014).  
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𝐍𝐀𝐮𝐍𝐑𝐬 𝐩𝐚𝐫𝐭𝐢𝐜𝐥𝐞𝐬
𝐕𝛒
𝐌
𝐍𝐀                                                                              
(4.1) 
𝐍𝐀𝐮𝐍𝐒 𝐏𝐚𝐫𝐭𝐢𝐜𝐥𝐞
𝛒𝛑𝐝𝟑
𝟔 𝐌
𝐍𝐀 
(4.2) 
𝜺 = 𝑨𝒅𝜸 (4.3) 
 
Where 𝑀 is the molar mass of gold (g/mol), 𝜌 is gold density (g/nm3), 𝑑 is the diameter of gold 
nanoparticles (nm) and 𝑁𝐴 is the Avogadro constant, 𝐴 = 4.7 𝑥 10
4𝑀−1𝑐𝑚−1, 𝛾 = 3.30 for 
nanoparticles with diameter 𝑑 ≤ 85 𝑛𝑚.  
 
Table 4. 1 Concentration, extinction coefficients, wavelength and the number of particles per 
atoms of gold nanorods and spheres. 
AuNPs (nm)  
 
[Au]  
(M) 
λ1  
(nm) 
λ2  
(nm) 
ϵ1 
(M-1 cm-1) 
ϵ2  
(M-1 cm-1) Np 
 
AuNRs (3.4*) 7 X 10-5 514 701 1.07 x 106 6.69 x 107 2.7 X 103 
AuNRS (1.9*) 9 X 10-5 527 643 6.35 x  107 5.01 x 108 5.7 X 104 
AuNS (28) 10 X10-4 537 NA 3.09 x 109 NA 7.4 X 105 
    ( *aspect ratio) 
 
The extinction coefficient of gold nanorods increased as the aspect ratio decreased from 3.4 to 
1.9 (Table 4.1). The number of gold particles was found to decrease in the following order: 
AuNRs (3.4) > AuNRs (1.9) > AuNS (28) (Table 4.2). The calculations of these values were 
done according to the sizes obtained from the TEM. The extinction coefficient of gold 
nanospheres was found to be 3.06 x 109 M-1cm-1 for gold with a diameter of 28 nm.   
 
4.2. Microscopic analysis of Au and Au/TiO2 nanocomposites 
Three different AuNPs samples were synthesised: gold nanospheres (AuNS) and two gold 
nanorods samples with a difference in aspect ratio (length/width). The three AuNPs were used in 
the synthesis of Au/TiO2 photocatalyst. Figure 4.2 shows the morphology of the gold 
nanoparticles with their corresponding Au/TiO2 nanocomposite. The particles sizes of the 
synthesised AuNPs were measured using ImageJ 6 software and these particles sizes were 
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used in the calculation of molar extinction and the number of Au nanoparticles. Figure 4.1 (A) 
shows TEM images of gold nanospheres with an average diameter of 28 nm. The calculated 
aspect ratios (L/W) of the gold nanorods in Figure 4.1 (B) and (C) were 1.9 nm (L= 16.62, 
W=8.72) and 3.4 nm (L=9.23, W=2.68). The different aspect ratios of AuNRs were obtained by 
varying the volume of the growth solution added to the final mixture solution. The TEM images of 
the corresponding composites show gold nanospheres and nanorods embedded in the TiO2, 
which confirms the formation of the composite photocatalysts.  
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Figure 4.1: TEM images (A) AuNS, (B) Au (1.9) NRS, (C) Au (3.4) NRs, (D) AuNS/TiO2, (E) AuNRs (1.9)/ TiO2 and (F) AuNRS (3.4)/TiO2. 
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The SEM images in Figure 4.2 (A, B, C and D) show the distribution and the morphology of the Au/TiO2 composites. AuNPs show a good 
dispersion on the surface of TiO2 and this was also confirmed by EDS which reveal the presence of Au Ti, O, and elements as expected in 
the Au/TiO2 composites.  
 
 
Figure 4.2: SEM images of (A) AuNS/TiO2, ,(B) AuNRs/TiO2 , (C) and (D) their corresponding EDS.  
(A) (B) 
(C) 
(D) 
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4.3. Optical properties of Au nanoparticles, TiO2 and Au/TiO2 nanocomposites 
 
The optical absorption properties of AuNPs and their corresponding composites were analysed 
using a UV-Vis spectrophotometer. Figure 4.3 (A) shows the UV-Vis spectrum of the AuNS and 
AUNRs, with one plasmon peak, at 537 nm for AuNS.AuNRs (1.9) showed the two distinct 
plasmon peaks at 643 nm and 527 nm and AuNRs (3.4) at 701 nm and 514 nm. The presence 
of the two peaks in the visible spectrum is the foremost characteristic of the AuNRs. The 
transverse peak is a result of the oscillations across the width, while the longitudinal peak is the 
oscillations along the length of the nanorods. The second plasmon peak (longitudinal) is 
dependent on the aspect ratio of the AuNRs, whereas the transverse peak is not affected by 
changes in aspect ratio. 
 
 
Figure 4.3: UV-Visible spectra (A) of AuNS, Au nanorods (1.9), gold nanorods (3.4) and  
(B) AuNS/TiO2, AuNRs (1.9)/TiO2, AuNRs(3.4)/TiO2 and TiO2. 
 
(A) 
(B) 
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The UV-Vis absorption spectra of TiO2 and Au/TiO2 nanocomposites are shown in  
Figure 4.3 (B). The UV-Vis spectrum of the TiO2 nanoparticles shows a peak at 373 nm, 
corresponding to the band gap of 3.3 eV as calculated by Equation 4.1. 
 
       𝐄𝐠 =
𝟏𝟐𝟒𝟑
𝛌
                                                                                                       (4.1) 
 
Where Eg is the band gap and  is the wavelength. The Au/TiO2 nanocomposites show the 
plasmon peaks in the visible region due to the presence of AuNPs. The formation of the Au/TiO2 
nanocomposites results in a Schottky barrier (SB) at the interface between Au and TiO2. The 
schottky barrier height (SBH) is considered as one of the important factor, which influences the 
plasmon-induced electron injection at Au/TiO2 interfaces (Arshad et al., 2017). The SBH of 0.8 
eV in Au/TiO2 was calculated using Equation 4.2 (Arshad et al., 2017). 
 
    ∅𝐒𝐁 = ∅𝐌 − 𝐗                                                                                                       (4.2) 
 
Where ∅SB is the Schottky barrier height, ∅M is the metal work function and, x is the 
semiconductor electron affinity. The values of Au work function and electron affinity for TiO2 are  
5.1 eV and 4.3 eV, respectively (Hossein-Babaei et al., 2015, Arshad et al., 2017). The higher 
the Schottky barrier height, the higher the ability of the metal to trap electrons, and preventing 
them from falling back to TiO2. Au has a higher work function compared to TiO2. Due to this 
difference in work function the electron transfer will be from TiO2 to the Au interface for the 
equilibration of the Fermi level, and that results in the reduction of the work function of Au/TiO2 
nanocomposites. The reduction of the work function of Au/TiO2 means that more charge 
migration at the interface of the catalyst (Khoa et al., 2014). . 
 
4.4. Structural properties of Au nanoparticles, TiO2 and Au/TiO2 nanocomposites 
The x-ray diffraction patterns of the synthesised TiO2 and Au/TiO2 nanocomposites are shown in  
Figure 4.4. The distinctive peaks at 2θ angles demonstrate the (101), (004), (200), (211), (204), 
(220), (215), (224) crystal planes. The XRD patterns were indexed to the TiO2 anatase phase 
according to the ICDD database. This was also confirmed by the presence of the strong (101) 
peak at 25o (2θ) in TiO2 and Au/TiO2 nanocomposite (Thamaphat et al., 2008). The observed 
(111) and (200) crystal planes were indexed to gold nanoparticles in the composite samples. 
The broadness of the peaks indicates the crystalline nature of the TiO2 and the composites. The 
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interplanar spacing was calculated using Equation 3.1 (Bunaciu et al., 2015). The values of d 
are given in Table 4.2 below.  
 
 
 
Figure 4.4: XRD patterns of (A) TiO2 and (B) AuNRs/TiO2 nanocomposites and (C) AuNS/TiO2. 
 
Table 4. 2 XRD data of Au/TiO2 nanocomposites 
2ϴ ϴ Sinϴ 𝞴(nm) n 
d-spacing 
(nm) 
 
25 12.5 0.2164 0.154 1 0.0167 
38 19 0.3255 0.154 1 0.0251 
45 22.5 0.3826 0.154 1 0.0295 
48 24 0.4067 0.154 1 0.0313 
55 27.5 0.4617 0.154 1 0.0356 
64 32 0.5299 0.154 1 0.0408 
70 35 0.5735 0.154 1 0.0442 
75 37.5 0.6087 0.154 1 0.0469 
83 41.5 0.6626 0.154 1 0.0510 
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The Fourier transformer infrared (FTIR) spectrum in Figure 4.5 shows a broad band at  
3350 cm-1, corresponding to the hydroxyl stretching (OH) of TiO2. The peak at 1632 cm-1 is the 
bending mode of water (H-O-H, Ti-O-H). The Ti-O stretch was observed at 1395 cm-1 and 1383 
cm-1(León et al., 2017). Meanwhile, the C-H stretching mode of the aliphatic carbonyl group was 
attributed to the vibrations at 2916 cm-1, 2848 cm-1 and 2972 cm-1. The C-O broad stretch was 
observed at 1245 cm-1. The presence of C-O and C-H may be due to the titanium butoxide used 
in the synthesis of the conjugates. Furthermore, The presence of the titanium butoxide residues 
in the conjugate can be attributed to the low temperatures used for the synthesis which was not 
efficient to degrade all the organic residues. The use of low temperatures is due to the fact that 
gold nanorods tend to lose their rod shape at high temperatures during calcination (Gołąbiewska 
et al., 2016). The peaks below 700 cm-1 indicate the metal oxide vibrational modes (Ti-O-Au, Au-
O and Ti-O) (Kumar et al., 2016) due to the formation of the composite between the AuNPs and 
TiO2.  
 
 
Figure 4.5: Fourier Transform Infrared (FTIR) spectrum of Au/TiO2 nanocomposites. 
 
In summary, the characterization results clearly showed that Au/TiO2 nanocomposites were 
successfully obtained. The shape and the size of the AuNPs and the composites were defined 
from the TEM analysis. The UV-Vis analysis also proved the formation of nanocomposite 
materials. 
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CHAPTER 5 
PHOTOCATALYTIC DEGRADATION OF REACTIVE ORANGE 16 
 
This chapter presents the results of the effect of shape and size of the AuNPs on the 
photocatalytic degradation of reactive orange dye as a model azo dye. In order to evaluate the 
effect of the size of the gold nanoparticles on the plasmonic photocatalytic performance, the 
three photocatalysts were compared and presented herein. Three different photocatalysts were 
prepared by loading AuNS, and AuNRs with different aspect ratios (1.9 and 3.4). The three 
photocatalysts are denoted as AuNS/TiO2, AuNRs (1.9)/TiO2 and AuNRs (3.4)/TiO2. The effect 
of a mixed shapes (nanospheres and nanorods) was also investigated and for their synergetic 
effects on the photocatalytic activity. 
 
5.1. Properties of reactive orange 16 (RO 16) dye 
Reactive orange 16 belongs to the class of reactive dyes and its structure consists of two 
sulfonate groups. RO 16 is commonly used for dyeing cotton in the textile industry  
(Anouar et al., 2014). The general characteristics of RO 16 are summarized in  
Table 5.1. RO 16 was used as a model dye in this study. 
 
Tabel 5.1: Characteristic data of reactive orange 16 
Dye structure       Properties 
 
 
 
 
 
 
 IUPAC Name:Disodium (3Z)-6- 
acetamido-4-oxo-3-[[4-(2- 
sulfonatooxyethylsulfonyl)phenyl] 
hydrazinylidene] naphthalene-2- 
sulfonate 
 Wavelength: 388 nm, 494 nm 
 Dye class: azo dye 
 Mw: 617.54 
 Molecular formula: C20H17N3Na2O11S3 
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5.1. Shape and size effect on the photodegradation and decolourization of RO 16.  
The optical properties of AuNPs are influenced by changes in shape and size and in turn, affect 
surface plasmon resonance (SPR) parameters. In comparison to AuNS with one plasmon peak, 
AuNRs possess two distinct plasmon peaks and both the longitudinal and transverse peaks may 
participate in the enhancement of the photocatalytic activity (Liu et al., 2013). The longitudinal 
plasmon band can be tuned by varying the aspect ratio of AuNRs across a wide spectral range, 
form the visible spectrum to the near-infrared spectrum (Chen et al., 2013). The photocatalytic 
activity depends not only on the plasmon metal shape but also on their size. Recently, the effect 
of size of the AuNPs (AuNS) on the photocatalytic activity of TiO2 has been investigated  
(Kumar et al., 2017, Gołąbiewska et al., 2016). However, the comparison between the 
photocatalytic effect of short and long AuNRs have been overlooked. In this study, the 
photocatalytic activity of TiO2 containing AuNRs with different aspect ratios (1.9 and 3.4) was 
investigated. The photocatalytic performance of the photocatalyst containing AuNRs was also 
compared with the one loaded with AuNS.  Figure 5.1 (A, B and C) below presents the change 
in concentration of the photodegradation of RO 16 for the three different AuNRs(3.4)/TiO2, 
AuNRs(1.9)/TiO2, and AuNS/TiO2), respectively. The shift in the absorption band of the 
characteristic peak of RO 16 was observed (Figure 5.1) during the photocatalytic process which 
was due to the interaction of the dye molecules with the photocatalyst.  
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Figure 5.1: Absorption spectra of the change in concentration of RO 16 [C=20 ppm, Ccat= 0.2 
g/L, pH= 6.7] using AuNRs(3.4)/TiO2  (A), AuNRs(1.9)/TiO2 (B). And AuNS/TiO2 (C) as catalysts. 
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The stability of RO 16 was monitored by exposing the dye solution to light without any 
photocatalyst. However, as can be seen in Figure 5.2, the dye was not degraded in the absence 
of a photocatalyst. This shows that the photocatalyst was responsible for the decolourization of 
the dye under visible light. The photoactivity of the TiO2 alone (without AuNPs) was also 
investigated under visible light and it was observed that TiO2 alone did not show any 
photoresponse under visible light due to its inability to absorb visible light. Therefore, it can be 
said that the visible light photodegradation of RO 16 was induced by the presence of gold 
nanoparticles through plasmon enhanced mechanisms.  
 
Figure 5.2 shows a higher photocatalytic efficiency for the AuNRs compared to AuNS. The 
degradation efficiencies were 86.65 % and 84.56 % for AuNRs with an aspect ratio of 3.4 and 
1.9, respectively, and 79.24 % for AuNS. This can be explained by the fact that for the AuNRs 
both the transverse and the longitudinal peaks participate in the photocatalytic process which 
results in significant enhancement of the electromagnetic field (Liu et al., 2013). The 
enhancement of the electromagnetic field results in the generation of intense hot spots which 
increases the rate of the electron/hole formation. Previous studies based on the effect of the 
shape of the AuNPs have had also reported that the geometry of the AuNPs has a considerable 
effect on the photocatalytic performance (Gołąbiewska et al., 2016, Kaur & Pal, 2012). 
Gołąbiewska et al. (2016) reported a higher photocatalytic activity for AuNS compared to 
AuNRs. In this study, the transverse plasmon peak was directly excited and not the longitudinal 
peak. The effect of AuNRs aspect ratio shows that the shorter the AuNRs length the higher the 
photocatalytic activity, AuNRs with an aspect ratio of 3.4 (length 9.23 nm and width 2.68 nm), 
showed the higher photocatalytic performance compare to AuNRs with an aspect ratio of 1.9 
(length 16.6 nm and width 8.72 nm). A similar study was done by Tanabe et al. (2015) where 
they reported that the photocatalytic effects were independent of the AuNRs aspect ratio when 
the width is the same. However, in this study, AuNRs samples had different widths and length 
which can explain the differences in their photocatalytic performances. 
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Figure 5.2; Degradation efficiency of RO 16 [C=20 ppm, Ccat= 0.2 g/L, pH= 6.7] AuNRs 
(3.4)/TiO2 , AuNRs (1.9)/TiO2 . AuNS/TiO2 , no catalyst and TiO2. 
 
 
5.3. Kinetics of the photodegradation of RO 16  
During the photocatalytic process, the concentration of RO 16 was changing as a function of 
time. As expected the shape and size of AuNPs had a significant impact on the 
photodegradation rate of RO 16. The change in rate was a confirmation of the formation of the 
more active site on TiO2 on the kinetics process. The Langmuir-Hinshelwood kinetic model is the 
most used for the photodegradation process of azo dyes (Flores et al., 2014) with the rate given 
by Equation 5.1 below. 
 
   𝒓𝒂𝒕𝒆 =
𝑲𝒄𝒂𝒕×𝑲 𝑪
𝟏+𝑲𝑪
                                                                                                    (5.1) 
 
Where Kcat, is the slow step on the surface of the photocatalyst and depend on the intensity of 
light. K is the adsorption coefficient of the pollutant and c is the concentration of the pollutant at 
time t. For the low concentration of organic pollutant, the Langmuir-Hinshelwood equation is 
simplified to a pseudo-first order kinetic Equation 5.2. 
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  𝑟𝑎𝑡𝑒 =
𝑑𝐶
𝑑𝑡
= 𝐾𝐶                                                                                                   (5.2) 
 
The integration of Equation 5.2 result in Equation 5.4; 
 
   𝑙𝑛𝐶 = 𝑙𝑛𝐶𝑜 − 𝐾𝑡                                                                                                  (5.3) 
 
Where KC is the concentration at time t, C0 is the initial concentration and k is the rate constant 
of the pseudo-first order. The plot of ln (C0/Ct) against the visible light irradiation time for the 
photodegradation of RO 16 is shown in Figure 5.3. The linear relationship between the ln(C0/Ct) 
and the time of visible light irradiation of all the three Au/TiO2 composites show that the 
photodegradation process followed pseudo first-order kinetics as shown in Figure 5.3. The 
values of (R2) and k were obtained directly from the linear regression of the plot of the pseudo 
first order and 2 are shown in Table 5.2. The second order kinetics were also fitted, however, the 
correlation coefficient (R2) showed poor correlation below 0.6587 for all the samples. The higher 
value of k obtained indicates the good performance of the photocatalyst. The value of  
k = 0.021/min for the AuNRs(3.4)/TiO2 composites indicates its good photocatalytic activity.  
 
 
Figure 5.3: Kinetic plot of the degradation of RO 16 [C=20 ppm, Ccat= 0.2 g/L, pH= 6.7,  
power= 300W] AuNRs(3.4)/TiO2 , AuNRs(1.9)/TiO2 . AuNS/TiO2, no catalyst and TiO2. 
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5.4. Determination of the electrical Energy Efficiency per order (EEO) 
Photocatalysis is an electric energy process because it uses electrical power for the process to 
function. The ideal process utilises less energy, therefore, the International Union of Pure and 
Applied Chemistry (IUPAC) suggested two figures-of-merit for the advanced oxidation processes 
(AOPs) on the utilization of electrical energy (Bolton et al., 2001). The suitable figure-of-merit, in 
the case of low pollutant concentration, is called the electrical energy per order (EEO). EEO is 
defined as the number of kilowatt-hours of electrical energy required to remove 90 % of a 
pollutant in 1 m3 of contaminated water (Daneshvar et al., 2005). The value of EEO can be 
calculated using Equations 5.4 and 5.5 below (Daneshvar et al., 2005):  
 
    𝑬𝑬𝑶 =
𝐏 𝐱 𝐭𝐱 𝟏𝟎𝟎𝟎
𝐕𝟎𝐱 𝟔𝟎 𝐱 𝐥𝐨𝐠
𝐂𝐢
𝐂𝐟
                                                                                             (5.4) 
 
   𝑬𝑬𝟎 =
𝟑𝟖.𝟒 𝐱 𝐏
𝐕𝟎𝐱 𝐊
                                                                                                       (5.5) 
 
Where P is the power (kW) of the system, t (h) is the duration, V (m3) is the treated volume, and 
Ci and Cf the initial and final dye concentrations (mg/L), respectively. The values of EEO are 
represented in Table 5.2 below. The lowest EEO of 2143 kWh/m3 was achieved when using 
AuNRs(3.4/TiO2). The low value of EEO furthur confirms that the photocatalytic process was 
more efficient in the presence of AuNRs (3.4)/TiO2 compared to AuNRs (1.9)/TiO2 and 
AuNS/TiO2. Moreover, it can be deduced that the process will consume less energy, hence, 
reduces the cost. The achieved EEO values were found to decrease in the following order: TiO2 >. 
AuNS/TiO2 > AuNRs (1.9)/TiO2 > AuNRs (3.4)/TiO2,  
 
Table 5.2: Photodegradation efficiency, kinetic properties and energy effciency of RO16 using 
the TiO2  AuNS/TiO2 AuNRs (1.9)/TiO2 and  AuNRs (3.4)/TiO2 composites. 
Catalyst  
Photodegradation 
efficiency (%) k (min-1) R2  EEO (kWh/m3) 
TiO2 0.82 0.001 0.999 32914 
AuNS/TiO2 79.24 0.007 0.976 6400 
AuNRs(1.9)/TiO2 84.56 0.017 0.975 2710 
AuNRs(3.4/TiO2) 86.65 0.021 0.982 2143 
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To summarize, the composite photocatalysts showed a good photoresponse under visible light. 
Moreover, the introduction of AuNPs improved the photocatalytic performance of TiO2 for the 
degradation of RO 16 dye. In regard to shapes, AuNS/TiO2 showed a lower photodegradation 
rate and lower efficiency compared to AuNRs/TiO2. The degradation rate also increased as the 
aspect ratio of AuNRs increased. These results demonstrate that the photocatalytic activity is 
significantly dependent on the shape and the size of the loaded AuNPs. Furthermore, the 
photocatalysts prepared with AuNRs demonstrated lower EEO values compared to the one with 
AuNS. On the basis of these results, it can be concluded that photocatalytic activity of the 
reported composites increases in the following order: AuNS/TiO2 < AuNRs (1.9)/TiO2 <AuNRs 
(3.4)/TiO2 .  
 
5.2 Synergistic plasmonic effect of nanospheres and nanorods on the degradation of 
RO16.    
In the quest to design materials with tailored light absorption properties for solar conversion, 
surface plasmon resonance (SPR) metals have attracted a great deal of interest. Various 
strategies have been developed to tune the SPR effect of the gold nanoparticles, including, 
tuning the aspect ratio (in nanorods), size, and shape (Gołąbiewska et al., 2016, Kaur & Pal, 
2012, Tanabe et al., 2015). Recently, there is also a growing interest in bimetallic metals as an 
alternative approach to extend the absorption of the wide band gap semiconductors towards the 
visible spectrum. A combination of Au-Pd, Ag-Au, Ag-Cu and Au-Cu bimetallic co-catalysts have 
been reported for enhanced visible light photocatalysis (Berahim et al., 2018, Ma et al., 2017, 
Purbia & Paria, 2017, Maniecki et al., 2009). However, the drawback of using bimetallic 
nanocrystals in photocatalysis is the complication of the mechanism of enhancement and low 
quantum efficiencies (Sytwu et al., 2019). Despite the tremendous efforts that have been made 
in the past to improve the light absorption of the solar spectrum, there are no reports on the 
mixed shapes gold nanoparticles. Herein, the synergistic effect of the two shapes (nanosphere, 
nanorod) was investigated. The photocatalysts were formed by first mixing an appropriate ratio 
of Au nanospheres and nanorods. These mixtures were then used to form the Au/TiO2 
composites using the method reported in Section 3.4. The prepared photocatalysts contain the 
ratio of AuNRs to AuNS as follows, 1:1, 2:1 and 1:2. 
The mixture of the two shapes (rods and spheres) had a significant influence in the 
photodegradation and decolourisation of RO 16 as it can be seen in Figure 6.4.  The reaction 
was faster in the presence of the photocatalysts that were loaded with combined shapes.  Higher 
efficiencies may be due to the direct synergetic effect of the two different shapes resulting in the 
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generation of more electron/hole pairs, and thus, an improved photocatalytic process. The 1:1 
and 2:1 (AuNRs to AuNS) ratio samples gave the highest efficiency of 90.15 % after 60 min of 
light irradiation. Meanwhile, for the 1:2 AuNS to AuNRs ratio sample a 77.07 % efficiency was 
achieved with the slowest degradation rate of 0.0326/min at 120 min of irradiation time. This is 
supported by the fact that AuNRs even with the single shape experiment gave higher 
degradation rates and efficiency compared to AuNS. From this experiment, it can be deduced 
that AuNRs are the favourable shape for coupling with the TiO2. The combined shapes behaved 
better than the individual shapes (Table 5.3).   
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Figure 5.4: (A) Mixed shapes, AuNRs and AuNS photodegradation efficiency (B) first order 
kinetic of the mixed shapes effect the degradation of RO 16 [C=20 ppm, Ccat= 0.2 g/L, pH= 6.7, 
 power= 300W] AuNRs(3.4)/TiO2 , AuNRs(1.9)/TiO2 . AuNS/TiO2, no catalyst and TiO2. 
 
(A) 
(B) 
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Table 5.3: Summary of varying nanospheres and nanorods ratios on the degradation of RO16. 
AuNRs to AuNS 
(ratio) K/min R2 
Photodegrdation efficiency 
(%) 
1:1 0.0665 0.95 90.15 
2:1 0.0693 0.979 90.05 
1:2 0.0326 0.979 77.89 
AuNRs 0.0215 0.982 86.65 
AuNS 0.0072 0.976 79.24 
 
 
The results represented in Table 5.2 for the synergetic effect of AuNS and AuNRs on the 
photodegradation of RO 16 showed that the mixing of the two shapes had a significant impact 
on both the degradation rate and the degradation efficiency percentage. It was found that when 
the AuNRs are in excess a higher degradation efficiency was achieved. The degradation rate 
decreased with the decreased of AuNRs in the mixture. The mixed shaped with AuNRs in 
excess was found to have the highest degradation rate, and high degradation efficiency 
compare to the use of AuNRs and AuNS alone as represented in Table 5.2.  
 
5.3 Reusability of the photocatalyst 
The recycling of the powdered photocatalysts is very important in the field of photocatalysis as it 
determines the stability of the catalyst. An ideal photocatalyst is the one that can be easily 
recycled and reused after each experiment, it should not lose its catalytic properties after usage 
(Padikkaparambil et al., 2013). To evaluate the reusability of AuNRs/TiO2, the photocatalyst was 
separated from the reaction mixtures by centrifugation and used under the same conditions  
(20 ppm initial dye concentration). The achieved photodegradation efficiencies were 86.65 %, 
85.78 %, 85.23 % and 79.89 %, for the first, second, third, and fourth cycles, respectively. As 
can be seen from these values, the photocatalyst showed good stability without any significant 
loss. However, the decrease in the efficiency after the fourth cycle may be  due to the 
agglomeration of the RO 16 dye molecules on the photocatalyst surface, which reduces the 
adsorption of the new dye molecules in the solution.  
48 
 
 
Figure 5.5: Photodegradation efficiency reusability test for RO 16 [C=20 ppm, Ccat= 0.2 g/L,  
pH= 6.7, power= 300W] AuNRs (3.4)/TiO2  
 
  
86.65 85.78 85.23
79.89
First  run Second run Third run Fourth run
Reusability percentage efficeincy (%)
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CHAPTER 6 
EFFECT OF OPERATIONAL PARAMETERS ON THE PHOTOCATALYTIC DEGRADATION OF 
RO 16 
 
This chapter discusses the results on the effect of operational parameters which affect the 
photocatalytic performance of the Au/TiO2 photocatalyst. The factors investigated in this project 
include the loading of the gold onto TiO2, the pH of the dye solution and the temperature of the 
dye solution. Based on the results in Chapter 5, the photocatalyst used to study the parameters 
was AuNRs (3.4/TiO2). 
 
6.1 Effect of Au loading in Au/TiO2 nanocomposites  
The photocatalytic performance of AuNRs/TiO2 nanocomposites was evaluated at different  
Au loadings, in the range of 0.1 wt % to 0.4 wt %. It was observed that increasing the Au loading 
from 0.1 wt % Au to 0.2 wt %, increased the photocatalytic degradation and decolourization of 
RO 16 from 56.29 % to 86.65 % respectively, as shown in Figure 6.1. The increase in the rate of 
the reaction from 0.066/min to 0.021/min in 0.2 wt % loading (Table 6.1) can be attributed to the 
formation of more crystalline imperfections formed on the surface of TiO2. These defects cause 
the generation of more hot spots, which subsequently result in an increase of generation of 
electron/holes on the surface of the catalyst (Hsiao et al., 2011). However, a further increase in 
Au loading to 0.4 wt % resulted in a decrease in the degradation efficiency to 66.35 %. The 
reduction in the rate of the reaction is due to the reduced penetration of light onto TiO2 because 
of the excess Au particles on the TiO2 surface. Similar results were observed by Bumajdad and 
co-workers (2013) who reported that, by increasing the content of Au on TiO2, there was an 
increase in the photodegradation rate of saframin-O dye. But, when the amount of Au loaded 
was further increased, the photocatalytic performance of TiO2 decreased due to the high content 
of Au particles on the surface of TiO2 which may reduce the surface accessibility for photons 
(Bumajda et al., 2013). The summary of these results is reported in Table 6.1.  
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Figure 6.1: Effect of Au loading in Au/TiO2 on the photocatalytic degradation efficiency of  
RO 16. [C=20 ppm, Ccat= 0.2 g/L, pH= 6.7, power= 300W].  
 
 
Table 6.1: Effect of Au loading onto/TiO2 on the photodegradation of RO 16 .  
Au wt % K/min R2 
Photodegradation 
efficiency  (%) 
0.1 0.007 0.955 56.29 
0.2 0.021 0.982 86.65 
0.4 0.006 0.972 66.35 
 
6.2 Effect of pH on the degradation of RO16 
pH is one of the most important parameters that affect the photocatalytic degradation because it 
determines the adsorption of dyes onto the surface of the catalyst (Ajimal et al., 2014). In an 
acidic medium, the surface of the catalyst is usually positively charged. However, in basic 
medium deprotonation takes place on the surface of the catalyst because of the negative charge 
of hydroxyl radical. Equations 6.1 and 6.2 show the protonation and deprotonation of the 
catalyst (Kumar et al., 2017).  
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𝐓𝐢𝐎𝐇 + 𝐇+ → 𝐓𝐢𝐎𝐇𝟐
+                                                                                   (6.1) 
 
𝐓𝐢𝐎𝐇 +  𝐇𝐎− → 𝐓𝐢𝐎− + 𝐇𝟐𝐎                                                                       (6.2) 
 
Different researchers have reported that when the pH of the solution is lower than the point zero 
charges of TiO2, which is at pH 6.8, the surface of TiO2 will be positively charged (Kumar et al., 
2017, Ajimal et al., 2014, Alaton et al., 2002). To study the effect of pH, the degradation of  
RO 16 was performed at pH 2.5 to pH 11.5 and the results are presented in Figure 6.2. Sodium 
hydroxide (NaOH) and hydrochloric acid (HCl) were used to adjust the pH in the solution.  
 Figure 6.2 shows that an increase in pH from 2.5 to 6.7 caused the degradation efficiency to 
increase from 25.02 % to 86.65 %. However, the opposite trend was observed at pH higher than 
6.7. The results reveal that from pH 8.0 to 11.5, the degradation efficiency decreased from  
75.23 % to 66.56%. The excess of HO- in the solution may cause the decrease in efficiency, 
because of the competition on the adsorption of RO 16 and HO- onto the surface of the catalyst 
(Kumar et al., 2017). Moreover, because of the excess HO-, the surface of the catalyst is 
negatively charged and that may cause coulombic repulsion between the negative charge on 
RO 16 and the negative charge of the catalyst. The highest degradation efficiency was observed 
at pH 6.7, which was the pH of the RO 16 solution.  
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Figure 6.2: Degradation efficiency percentage of the effect of pH on RO 16 decolourisation, and 
degradation [C=20 ppm, Ccat= 0.2 g/L, pH= 6.7, power= 300W].  
 
The slower rate of RO 16 photodegradation at pH 2.5 (0.007/min) reported in Table 6.2 may be 
due to the agglomeration of TiO2 particles, which are capable of reducing the surface area of 
TiO2 for photon adsorption and RO 16 adsorption onto TiO2 (Ajimal et al., 2014). However, 
Sakthivel and co-workers (2003) reported a maximum degradation efficiency and faster rate in 
the degradation of acid yellow 17 anionic dyes at pH 3. It can be said that different anionic dyes 
have different adsorption strength onto the surface of the catalyst. Therefore, it can be argued 
that there is no certainty that anionic dyes would always have high degradation efficiencies at 
lower pH or an acidic medium. In this regard, Muruganandham & Swaminathan (2004) reported 
that in the degradation of reactive orange 4 (anionic dye), the rate and the degradation efficiency 
increase from 25 % to 90 % between pH 1 to pH 9. In this study, the highest degradation and 
decolourisation rate and efficiency of RO 16 were observed at pH 6.7. 
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Table 6.2 Summary of the photodegradation data with a change in pH using Au/TiO2 
nanocomposites (0.2 g/L) with RO 16 (20 ppm). 
pH 
K/min R 2 Photodegradation efficiency (%) 
2.5 0.0007 0.967 25.02 
5 0.0120 0.969 77.18 
6.7 0.0215 0.982 86.65 
8 0.0117 0.937 75.23 
11.5 0.0101 0.956 66.56 
 
 
6.3. Effect of temperature  
Previous studies have shown that the temperature of the solution affects the photocatalytic 
degradation of dyes. Kumar & Pandey (2017) reported an increase of the efficiency from 76 % to 
88 % when the temperature was raised from 30 oC to 40 oC respectively for, the degradation of 
methyl orange. However, a further increase in temperature above 80 oC, favoured the 
recombination of electrons-holes pairs, hence, reducing the adsorption of organic molecules on 
the surface of TiO2 (Kumar et al., 2017). In this study, the reaction temperature had a significant 
effect on the photodegradation of RO 16 under visible light. The degradation efficiency was 
found to increase from 55.09 % to 86.65 % when the temperature was raised from 15 oC to 30 
oC, respectively. The rate of the RO 16 degradation decreased with a decrease in temperature 
from 0.021/min to 0.008/min as shown in Table 6.3. The rate of reaction was almost 3 times 
faster at 30 oC compared to 15 oC because the decrease in temperature results in an increase in 
the activation energy, and that means more energy would be required for the activation of TiO2 
(Kumar et al., 2017).  
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Figure 6.3: Effect of temperature on the photocatalytic degradation efficiency of RO 16 [C= 20 
ppm, Ccat (Au/TiO2) = 0.2 g/L, pH= 6.7, power= 300 W.  
 
In summary, the results of the photodegradation of RO 16 using Au/TiO2 show that the loading 
of Au onto TiO2 increases the rate of the reaction and the amount of Au increased; however, a 
further increase of Au resulted in a decrease in the reaction rate. The rate of the degradation of 
RO 16 decreased as the temperature of the solution decreased. The pH of the solution 
increased the rate of the reaction when the pH increased in the acidic medium and the opposite 
trend was observed in a basic medium.  
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CHAPTER 7 
CONCLUSIONS AND RECOMMENDATIONS 
 
7.1 Conclusions  
In this study, AuNS/TiO2, AuNRs (1.9)/TiO2 and AuNRs (3.4)/TiO2 nanocomposite photocatalysts 
were successfully synthesised and characterised. The results from the optical and structural 
characterisation confirmed the presence of both AuNPs and TiO2 in the composite materials. 
The TEM and SEM results also confirmed the desired shapes and formation of Au/TiO2 
nanocomposite.  
The results of this study highlight the role of Au nanoparticles in enhancing the photocatalytic 
activity of TiO2 under visible light. In this work, three Au/TiO2 nanocomposites were prepared, 
using spherical (AuNS), and rod-shaped (AuNRs) with different aspect ratios (1.9 and 3.4), and 
their effect on the photocatalytic degradation of RO 16 was investigated. The photocatalyst 
loaded with AuNRs demonstrated the highest degradation efficiency of 86.65 % compared to 
79.24 % for the one loaded with AuNSs after 120 minutes of light irradiation. The highest 
photodegradation efficiency was achieved for the photocatalyst with AuNRs (3.4) compared to 
AuNRs (1.9) due to the larger surface area. This result shows that the aspect ratio affected the 
photodegradation of RO 16 dye. The photocatalytic degradation of RO 16 followed pseudo first 
order kinetics.  
The photocatalytic degradation was significantly enhanced when the nanorods and nanospheres 
were mixed together. These catalysts demonstrated higher efficiency compared to the catalysts 
that were prepared with individual shapes. The achieved degradation efficiency for 1:1 and 2:1 
(ratio of AuNRs to AuNS) was 90.15 % and 90.05 %, respectively. For the 1:2 photocatalyst the 
degradation efficiency was 77.89 %. The results show a significant effect of the mixed shapes in 
the preparation of plasmon-based photocatalysts. It was evident from these results that the  
rod-shaped AuNPs had a greater impact in enhancing the photocatalytic activity  
The effects of different parameters such as pH, temperature, AuNPs loading were also 
investigated. It was shown that in very acidic (pH 2.5) and very basic (pH 11), the photocatalytic 
efficiency of the degradation of RO 16 decreased due to the increased concentration of the OH- 
ions in the solution. However, the degradation of RO 16 was higher at conditions between pH 6 
and 7. The photocatalytic efficiency significantly increased with gold loading onto TiO2 from 0.1 
wt % to 0.2 wt %. However, a gradual decrease was observed with a further increase to 0.4 wt 
% due to the lower penetration of light on the surface of the photocatalyst. The temperature on 
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the performance of photocatalyst was investigated at 15 oC and 30 oC. The rate of degradation 
of RO 16 was found to increase with an increase in temperature. This increase in the 
degradation rate was due to the increase in the activation energy. The results from the 
reusability tests show that the photocatalyst can be recycled and re-used with an efficiency of 
79.89 % after four cycles. 
 
7.2 Recommendations 
This work highlights a significant potential of the Au/TiO2 photocatalysts on plasmon-enhanced 
photocatalyst in the treatment of azo dyes in water using the visible light. Future studies may be 
devoted to the following: 
 More work is required in finding simple methods for the production of photocatalysts on a  
large scale.  
 
 Studies can be done on the immobilization of these photocatalysts to facilitate easy 
removal and re-use 
 
 Future research should also be done on the effect of mixed shapes for a better 
understanding of the mechanism of the synergistic effect of AuNPs with different shapes. 
 
 Additionally, these studies can be done in real textile wastewater. 
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